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The discharge of industrial and domestic wastewater is one of the main causes of 
contamination of water bodies by heavy metals. Among these heavy metals, nickel (Ni) is 
one of the most used in industrial processes, such as the production of alloys, stainless 
steel and automotive batteries, as well as electroplating activities, causing high 
concentrations in the effluents of these industries. Several techniques, such as chemical 
precipitation and filtration, have been studied in order to promote the removal of these 
heavy metals from wastewater. However, these techniques are often financially and 
technically costly. Under this context, adsorption using activated carbons (ACs) appears 
as an alternative, which is characterized by being an effective and economically viable 
technique. Citrus fruits, such as tangerine, are of great importance in the Portuguese 
economic context. In 2017, just over 374.4 thousand tons were produced, with 10% of this 
volume corresponding to tangerine. This research aimed, therefore, to produce ACs from 
tangerine peels and use them in the adsorption of nickel from aqueous medium. The ACs 
were produced in two stages: activation and carbonization. Upon activation, the 
hydrothermal carbonization process (HTC) was used considering FeCl3 as activating 
agent under three concentrations (0.5, 1.0 and 2.5 M). Afterwards, the prepared materials 
were carbonized in a tubular oven at 800 ºC for 4 h. The samples were named as follows: 
TW-C (pyrolyzed peels without HTC), TW-Fe-0.5-C / TW-Fe-1.0-C / TW-Fe-2.5-C (HTC 
and pyrolyzed peels) and TW-Fe-2.5 (peels with HTC without pyrolysis). The physico-
chemical properties of the ACs, such as elemental analysis, ash content, acidity and 
basicity, were determined to correlate with their performance. The kinetic and isotherm 
adsorption of Ni(II) onto the ACs was assessed at the following operating conditions: 
2.5 g L-1 of AC, 25 ºC and pH 6 and modelled by the kinetic models of pseudo-first order, 
pseudo-second order and Elovich, as well as the adsorption isotherms of Langmuir, 
Freundlich and the General Isotherm Equation (GIE) of Tóth. The materials TW-C showed 
the best adsorption results and removed 99% of Ni(II) at pH 9. The kinetic models that 
best described the adsorption process were pseudo-second order (TW-Fe-2.5-C) and 
Elovich (TW-C). The GIE of Tóth showed the best fit, however, its parameters did not 
show statistical significance at the 5% confidence level, being rejected. The Freundlich 
model was able to represent the experimental data with certain precision (R² reached 
0.9557 and 0.9785 for TW-C and TW-Fe-2.5-C, respectively) and statistical significance 
according to the t-test and F-test. 
 







A descarga de águas residuais industriais e domésticas é uma das principais causas de 
contaminação de corpos d'água por metais pesados. Entre esses metais pesados, o 
níquel (Ni) é um dos mais utilizados em processos industriais, como na produção de ligas 
metálicas, aço inoxidável e baterias de automóveis, bem como na galvanoplastia, 
originando altas concentrações nos efluentes dessas indústrias. Várias técnicas, como 
precipitação química e filtração, foram estudadas para promover a remoção desses 
metais pesados de águas residuais. No entanto, essas técnicas são financeiramente e 
tecnicamente caras. Como alternativa surge a adsorção utilizando carvão ativado (AC), 
caracterizada por ser uma técnica eficaz e economicamente viável. Os citrinos, como a 
tangerina, apresentam relevada importância no contexto económico português. No ano 
de 2017 foram produzidas pouco mais de 374,4 mil toneladas, onde 10% desse volume 
correspondeu a tangerina. Tendo este enquadramento em consideração, este trabalho 
objetivou produzir ACs a partir de cascas de tangerina para aplicação na adsorção de 
níquel presente em meio aquoso. Os ACs foram produzidos em duas etapas: Ativação e 
Carbonização. Na ativação foi usado o processo de carbonização hidrotérmica (HTC) 
considerando FeCl3 como agente ativante em três concentrações (0,5; 1,0 e 2,5 M); 
posteriormente, os materiais preparados foram carbonizados em forno tubular a 800 ºC 
por 4 h. As amostras foram nomeadas da seguinte forma: TW-C (cascas pirolisadas sem 
HTC), TW-Fe-0,5-C / TW-Fe-1,0-C / TW-Fe-2,5-C (HTC e cascas pirolisadas) e TW-Fe-
2,5 (cascas com HTC sem pirólise). As propriedades físico-químicas dos ACs foram 
determinadas por análise elementar, teor de cinzas, acidez e basicidade, para 
correlacionação com o seu desempenho no processo de adsorção. A cinética de 
adsorção e isotérmicas de adsorção de Ni(II) nos ACs foi avaliada nas seguintes 
condições operacionais: 2,5 g L-1 de AC, 25 ºC e pH 6, aplicando os modelos cinéticos 
de pseudo-primeira ordem, pseudo-segunda ordem e Elovich, bem como as isotérmicas 
de adsorção de Langmuir, Freundlich e a Equação Geral da Isotérmica (GIE) de Tóth. O 
carvão TW-C apresentou os melhores resultados de adsorção e removeu 99% de Ni(II) 
a pH 9. Os modelos cinéticos que melhor descreveram o processo de adsorção foram o 
de pseudo-segunda ordem (TW-Fe-2.5-C) e Elovich (TW-C). O GIE de Tóth apresentou 
o melhor ajuste, no entanto, os seus parâmetros não apresentaram significância 
estatística no nível de confiança de 5%, sendo rejeitado. O modelo de Freundlich foi 
capaz de representar os dados experimentais com certa precisão (R² atingiu 0,9557 e 
0,9785 para TW-C e TW-Fe-2,5-C, respectivamente) e significância estatística de acordo 
com o teste t e o teste F. 
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1 INTRODUCTION 
Water is the most common substance in nature and a wide range of natural and 
human influences can affect its quality. Contamination of water bodies by heavy metals 
has become a serious health and environmental problem owing to the toxicity and non-
biodegradability of these pollutants1,2. Heavy metals can enter into the aquatic system 
through natural phenomena and anthropogenic actions, with the main sources being the 
release of domestic and industrial wastewater, atmospheric phenomena and the 
weathering of rocks and soils3,4. 
Among heavy metals, nickel (Ni) is one of the most used in industrial processes, 
such as smelting, stainless steel and battery manufacturing5,6,7. Thus, it is among the most 
common pollutants found in industrial wastewater8. In drinking water, nickel can cause 
health problems when it is found in quantities above the limit set by the World Health 
Organization (WHO), which is 0.07 mg L-1. Dermatitis is the main problem caused by 
exposure to nickel. Moreover, acute poisoning by this metal can cause headaches, 
dizziness, vomiting, cyanosis and extreme weakness8,9,10. 
In view of the above, it is necessary to adopt measures that aim the removal of 
these contaminants present in wastewater. Many techniques have been used to remove 
heavy metals from water, such as membrane filtration11, chemical precipitation12, ion 
exchange13 and electrochemical treatment14. However, these techniques are usually 
expensive and non-ecofriendly7. On the other hand, adsorption has the benefits of being 
a low-cost and effective technique for a variety of metals, existing at present a wide range 
of potential biodegradable adsorbent materials15. 
Activated carbons (ACs) show high performances as adsorbents in the adsorption 
process.  ACs are carbon-rich materials produced from the pyrolysis of organic matter in 
an oxygen-free environment16 and it can be obtained from various organic residues, such 
as agricultural wastes, which are renewable and generally available in large 
quantities17,18,19. Citrus peels are a potential biomass waste for the production of ACs, 
considering the volume of citrus fruits produced and the problems related to the disposal 
of these residues. In Portugal, in 2017, 374.4 thousand tonnes of citrus fruits were 
produced, including 37 thousand tonnes of tangerine and 15 thousand tonnes of lemon, 
placing the citrus fruits as the second group of products most exported20. 
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Given the above considerations, the aim of this research is to perform the 
production of ACs from the peel of tangerine and to evaluate its efficiency in the removal 
of nickel from aqueous solutions. 
1.2 Objectives 
1.2.1 General 
To evaluate the production of activated carbons from tangerine peels and to 
assess their performance in the adsorption of Nickel, used as model heavy metal pollutant. 
1.2.2 Specific aims 
 To prepare carbon-based materials from tangerine peels. 
 To characterize the physico-chemical properties of each prepared material. 
 To assess the efficiency of nickel removal from aqueous solution by 
determination of adsorption isotherms with the best produced ACs. 
 To study the nickel adsorption kinetics and the equilibrium adsorption isotherms 
with the best ACs. 
1.3 Document structure 
This master thesis is divided into five chapters. Chapter 1 presents the 
introduction and objectives of the work, when relevant topics are raised for the 
understanding of the theme regarding the contamination of water bodies by heavy metals 
and their treatment by adsorptive processes using activated carbon prepared from agro-
industrial waste. 
Chapter 2 presents the state of the art, part of the work where the bibliographic 
survey was carried out with regard to the recovery of waste, the citrus industry, the 
preparation of activated carbon, the contamination of water bodies with nickel resulting 
from the wastewater discharge, in addition to revising kinetics and adsorption isotherms. 
The experimental part of the work is detailed in chapter 3, where the reagents, 
equipment and experimental processes are described. 
The results obtained for the characterization of activated carbon and raw material, 
kinetics and adsorption isotherms are presented in chapter 4. 
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2 STATE OF THE ART 
2.1 Solid waste valorization 
According to the directive 2008/98/CE (amended by directive 2018/851), waste is 
"any substances or objects that the holder disposes of or has the intention or obligation to 
dispose of" and, therefore, the adoption of techniques that aim at the reuse or even the 
valorization of this waste become extremely important in view of the need to reduce the 
amount of natural resources and energy used. The management of solid waste is one of 
the biggest challenges currently faced, as its management and final disposal can cause 
serious environmental impacts, such as soil and water contamination by solid waste 
landfill21. 
The directive mentioned above still establishes the waste hierarchy, which aims 
to reduce the amount of waste going to landfills (Figure 1) that applies as follows: a) 
Prevention and reduction; b) Reuse; c) Recycling; d) Other types of recovery, for example 
energy recovery; and e) Elimination.  
 
Figure 1. Waste hierarchy according to directive 2008/98/CE. 
The stages of elimination, recycling, recovery (or valorization) and treatment are 
applied at different times in the solid waste management process and there is common 
confusion among the definitions of these terms. According to the directive, elimination is 
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"any operation that is not recovery, even if it has the secondary consequence of recovering 
substances or energy", recycling is defined as "any recovery operation through which the 
materials that make up waste are again transformed into products, materials or 
substances for their original purpose or for other purposes", the recovery step is" any 
operation whose main result is the transformation of waste in order to serve a useful 
purpose, replacing other materials" and finally treatment, which is "any recovery or 
disposal operation, including preparation prior to recovery or disposal". 
Following the global trend, Brazil enacted Law No. 12,305, in 2010, that instituted 
the national solid waste policy and "provides for its principles, objectives and instruments, 
as well as guidelines for integrated management and solid waste management, including 
the dangerous ones, the responsibilities of generators and public authorities and the 
applicable economic instruments". In its article 15, goals were established such as 
reduction, reuse, recycling, among others, in order to reduce the amount of waste 
generated, as well as the amount of waste sent to landfills22. 
Table 1 shows the main forms of waste treatment applied in the European Union. 
As expected, the total amount of waste generated is related to the population and 
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EU-28 37.8 9.9 5.6 45.7 1 842.94 
Belgium 76.9 0 12.6 6.4 4.1 35.66 
Bulgaria 5.2 0 0.4 94.4 0 17.65 
Czech 49.5 29 4.5 16.6 0.4 11.98 
Denmark 51.4 0 19.5 29.1 0 8.96 
Germany  42.7 26.6 11.3 18.1 1.2 142.49 
Estonia 21.6 11.2 2.5 64.7 0 2.13 
Ireland 10.6 46 4.8 38.4 0.3 7.94 
Greece 4.8 0 0.3 94.8 0 13.80 
Spain 37.1 5.7 3.6 53.6 0 65.88 
France 55 10.3 5.4 27.6 1.6 90.14 
Croatia 47.2 4 1 47.8 0 3.30 
Italy 78.9 0.1 4 14.2 2.7 100.27 
Cyprus 10.4 28 3.8 57.8 0 0.68 
Latvia 71.7 1.1 6.8 20.3 0 2.01 
Lithuania 33.4 4.1 5.8 56.6 0 3.35 
Luxembourg 34.8 24.2 2.1 39 0 1.37 
Hungary 54.1 3.7 7.4 34.2 0.6 10.55 
Malta 19.1 63.4 0 17.2 0.4 0.43 
Netherlands 45.6 0 7.6 46 0.9 41.09 
Austria 37 11 : 45.9 : 15.54 
Poland 46.2 22.2 3.3 28 0.4 77.95 
Portugal 43.5 9.5 12.1 34.7 0.2 11.04 
Romania 4 0.4 1.4 94.1 0.1 20.89 
Slovenia 60.2 27.2 4.8 6.9 0.8 2.90 
Slovakia 40 4.7 7 47.8 0.5 7.58 
Finland 7.4 0 4.5 88 0 13.46 
Sweden 12 4.9 6.6 76.3 0.2 19.55 
United 
Kingdom 
48.5 7.8 3.4 37.5 2.7 114.17 
Note¹: In mass. 
Note²: the use of waste in excavated areas for the purpose of slope reclamation or safety or for 
engineering purposes in landscaping. 
Source: Eurostat 2016. 
Portugal has shown a gradual improvement over the years with regard to the 
correct disposal of waste. In 2002, the uncontrolled disposal in dumps was eradicated, 
being replaced by landfills. However, in 2012, just over 54% of all urban waste generated 
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in mainland Portugal was sent to these landfills, a characteristic observed in most 
European countries, despite the waste hierarchy recommending that this should be the 
last option in the destination of solid waste23. 
The fourth and penultimate stage in the hierarchy of solid waste management is 
recovery, that is, the transformation of a waste so that it has a useful purpose. The 
production of activated carbon can be seen as a way of valuing waste, as it allows the 
replacement of commercial activated carbon that is more expensive when compared to 
activated carbon produced from waste24. 
2.2 Production of citrus fruits 
Citrus fruits are one of the largest fruit crops in the world. Similarly, the citrus 
industry is also the second largest fruit processing industry, surpassed only by the grape 
industry, which mainly produces wine25. The genus “Citrus”, according to the system of 
plant taxonomy, belongs to the family Rutaceae and they are plants originating in the 
tropical and subtropical southeast of Asia25,26. 
As reported by FAO (Food and Agriculture Organization of the United Nations)27, 
in the year of 2016, 124,246.0 thousand tonnes of citrus fruits were produced in the world. 
Among that, 32,968.5 thousand tonnes were tangerine and 15,981.8 thousand tonnes 
were lime and lemon. Table 2 shows the countries with the largest citrus fruits production 
in the world. 
Table 2. The five largest citrus fruits producers in the world. 
Country¹ 2012 2013 2014 2015 2016 
Participation 
(%) 
China 31,830.4 34,261.7 36,467.0 38,153.9 32,705.9 26.3 
Brazil 20,258.5 19,734.7 19,073.9 18,921.6 16,555.1 13.3 
India 6,955.0 9,235.0 10,401.1 9,216.2 9,755.8 7.9 
USA 10,813.0 10,301.0 8,751.0 8,208.0 7,829.0 6.3 
Spain 5,553.8 6,685.7 7,041.6 6,100.5 6,882.0 5.5 
World 123,002.3 128,611.1 131,707.7 130,947.0 124,246.0 100.0 
Note¹: Total production of citrus fruits in thousand tonnes. 
Source: FAO (2017)27. 
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According to the portuguese National Institute of Statistics (INE) and the Ministry 
of Agriculture, Forestry and Rural Development28, in Portugal, the production of citrus 
fruits (orange, lemon, tangerine and grapefruit) is very important in the national economic 
context. In 2016, the group of exported products in which citrus fruits are included 
presented the 2nd place as being the most commercialized, with the main buyers being 
Spain, France, and Germany.   
In Figure 2 is shown the data about the area used for citrus fruits cultivation in 
Portugal and the total production in the period between 2000 and 2017. 
 
Figure 2. Cultivated areas with citrus fruits and citrus fruits production in Portugal in the years 2000-2017. 
Source: INE/PORDATA (2018)20. 
In the year 2017, a little more than 374.4 thousand tonnes of citrus fruits were 
produced in Portugal, of which 37 thousand were tangerine and 15 thousand were lemon. 
In the same year, the Algarve region was responsible for producing 309,028 tonnes, 
equivalent to 82.5% of the total production, making the region the largest producer of 
citrus fruits in Portugal29. 
In addition to the economic importance of citrus fruits, due to the good acceptance 
by consumers, they play an important role in human nutrition, considering the wide range 
of phytochemicals present in their composition, such as flavonoids, which are compounds 
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Most citrus fruits are used by processing industries for juice production and after 
processing these fruits, large amount of waste is generated, being the main waste seeds 
and peels31. It is noteworthy that due to the amount of organic matter present in citrus 
fruits peels, the disposal of this type of residue directly in the soil can cause damage, 
given its ability to change the physicochemical characteristics of the soil32. 
2.3 Biochar and activated carbon 
Biochar is a carbon-rich byproduct produced from the pyrolysis of organic matter 
in an environment free of oxygen16. Agricultural waste is a raw material widely studied for 
this purpose since it is renewable and available in large quantities17,18. On the other hand, 
activated carbon is obtained from the activation of the material resulting from the pyrolysis, 
in the presence of oxidizing agents33. Activated carbon can be obtained from a variety of 
raw materials, as long as they have high carbonaceous content. 
In the process of biochar production two steps are performed: pyrolysis, which 
can be classified as “slow” and “fast”, and the activation step itself. The differentiation 
between fast and slow pyrolysis is the time of permanence of the vapor: in the slow 
pyrolysis the residence time is longer and the temperatures are lower34. 
According to Bridgwater (2012)34, three by-products are generated in the process 
of pyrolysis, viz. gases, bio-oil and the biochar. The process of pyrolysis performed at 
lower temperatures and longer residence times (slow pyrolysis) favors the formation of 
biochar. High temperatures and longer residence times (fast pyrolysis) favors the 
formation of gases, while moderate temperatures and short residence times favor the 
formation of bio-oil. 
The different products obtained by the different pyrolysis modes are shown in 
Figure 3 and in Table 3. It is possible to observe how the change of the process conditions 
can lead to the formation of different products. 
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Figure 3. Pyrolysis methods and yields of the respective products. 
Source: Adapted from BRIDGWATER (2012)34. 
Table 3. The yield of the products (dry wood base) obtained by the different pyrolysis modes. 
Mode Conditions Liquid Solid Gas 
Fast 
≈ 500 ºC, short hot vapor 
residence time ≈ 1 s 
75% 12% char 13% 
Intermediate 
≈ 500 ºC, hot vapor residence 
time ≈ 10-30 s 
50% in 2 
phases 
25% char 25% 
Carbonization 
(slow) 
≈ 400 ºC, long vapor 
residence hours → days 
30% 35% char 35% 
Gasification ≈ 750-900 ºC 5% 10% char 85% 
Torrefaction 
(slow) 
≈ 290 ºC, solids residence 
time ≈ 10-60 min 
0% unless 
condensed, 
then up to 5% 
80% char 20% 
Source: BRIDGWATER (2011)34. 
There are two types of activation strategies to prepare activated carbons: physical 
and chemical activation. According to Angin et al. (2013)35, in the physical activation the 
raw material is first carbonized and the carbonized material is then activated by vapor or 
















                                                                                                                  11 
V. C. MARQUES 
 
activating agent and the impregnated material is thermally treated under an inert 
atmosphere. 
Activated carbons prepared by the activation of raw biomass is an attempt to 
develop a cost-effective and efficient adsorbent alternative to costly coal-based 
commercial activated carbons36. It is widely used in environmental applications for the 
removal of impurities from gases and liquids due to its high adsorption capacity. The 
internal pore properties, such as specific surface area, pore volume and pore size 
distribution are the responsible for the high adsorptive capacities of activated carbons37,38. 
According to the International Union of Pure and Applied Chemistry (IUPAC), 
activated carbons are classified as: 
 Microporous: containing pores up to 20 Å. 
 Mesoporous: containing pores between 20 to 500 Å. 
 Macroporous: containing pores over 500 Å. 
All activated carbons present micro, meso and macropores, but their quantity and 
distribution can be very variable. 
Activated carbons have several important utilities, such as purification of 
contaminated streams, removal of flavors and odors from water for domestic and industrial 
supply and wastewater treatment35. 
Recently, many studies have been carried out to evaluate the efficiency of 
activated carbons in the adsorption of pollutants in water for domestic supply and industrial 
wastewater. In a study performed by Özsin et al. (2019)39, an activated carbon was 
produced from chickpea (Cicer arietnum) husks by chemical activation with KOH and 
K2CO3 and its feasibility evaluated in the removal of heavy metals from aqueous solutions. 
As a result, the authors concluded that the activated carbon prepared by KOH reveals a 
relatively high specific surface area (2.082 m² g-1 with KOH activation, against 1.778 m² g-1 
with K2CO3 activation), as well as high adsorption of Pb(II), Cu(II) and Cr(IV),  depending 
on the conditions used, namely pH, adsorbent dose, initial metal concentration, and 
concentration time. 
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2.2.1 Hydrothermal Carbonization (HTC) 
Basically, hydrothermal carbonization is a thermochemical conversion technique 
that uses water and autogenous pressure for the conversion of wet/dry biomass to 
carbonaceous products. Normally, a temperature range of 150 to 350 ºC is used40,41,42,43. 
The main product obtained from HTC is a solid called hydrochar. This material 
can be used as biofuel or for other purposes, as for example for soil amendment, as a 
biocatalyst or for water treatment44. Hydrochars, are different from biochars, both chars 
having different chemical structure and composition45. 
One of the main advantages of hydrothermal carbonization is the use of aqueous 
solutions under high temperature and autogenously generated pressure46. Under these 
conditions water acts as a solvent, reagent or even as a catalyst and therefore no pre-
drying of a raw material is required47. 
The HTC process is interesting due to its simplicity, low-cost and its energy 
efficiency48. As discussed in the previous section, ACs are produced from chemical or 
physical activation processes using biomass as precursors. The possibility to reduce 
production costs by improving the energy efficiency of the process would be very 
interesting43. Therefore, the combination of hydrothermal carbonization and activation 
processes becomes interesting when cost reduction is aimed. 
Hydrochars contain rich functional groups that can greatly improve hydrophilicity 
and chemical reactivity49. Because of this, many scientists have been testing HTC-derived 
carbonaceous materials as adsorbents for the removal of heavy metals, pesticides, and 
drug residues50. 
Erdogan et al. (2015)51 evaluated the properties of hydrochars produced from 
orange pomace under different temperatures and residence times and observed that with 
the increase of temperature, the C/H ratio tends to decrease, suggesting the 
predominance of dehydration reactions during the process. Several reactions may occur 
during the HTC process, including primary reactions of hydrolysis, dehydration, 
decarboxylation, aromatization and polymerization52.
                                                                                                                  13 
V. C. MARQUES 
 
2.4 Preparation of activated carbons from citrus fruit wastes 
Approximately one third of the citrus fruits are processed, resulting in 50–60% of 
organic waste which is typically constituted by the peel, seeds and leaf residues remaining 
after the juice extraction process31. In the processing of citrus fruits, different types of solid 
waste and liquid effluents are generated. Solid waste consists of peels, rags, seeds and 
sludge. Liquid effluents contain factory effluents, fruit wash wastewater and floor wash 
water53. 
There are numerous uses for the waste and by-products of the processing of 
citrus, among them, animal feed, oil extraction, biofuel production, encapsulating agent, 
development of biodegradable packages and finally the development of activated 
carbons. Since fossil fuels are nonrenewable, organic wastes can be used in the 
production of activated carbons, meeting the growing demand for this kind of materials54. 
Several authors have evaluated the use of citrus fruits residues as carbon 
precursors for the preparation of biochars and activated carbons. In Table 4 are 
summarized the studies that evaluated the use of these carbon-based materials prepared 
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acid at 1:2 ratio by 
weight and kept at 160 ± 
5 ºC in an air-oven for 
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It was soaked for 24 h in 
a solution of phosphoric 
acid at a ratio of 2:1 
(v/v), then it was dried in 
an oven at 250 ºC 
Pyrolysis 
500 ºC during  








It was soaked for 24 h in 
a solution of sulphuric 
acid (40%) 
Pyrolysis 
200 ºC during   




Lemon peels No use - Pyrolysis 
500 ºC during 1 
h in the 





activation   
(KOH) 
Peels were impregnated 
with aqueous solution of 
KOH (2.0 mL/g orange 
peel) 
Pyrolysis 
550 ºC during   










It was soaked with 
anhydrous ethanol, 
NaOH (0.5 M) and 
MgCl2 (1.5 M) 
Pyrolysis 
450 ºC during 3 






activation     
(CO2 or air) 
It was performed under 
a steady flow of CO2 (40 
mL/min) at 750 ºC, or air 
(70 mL/min) at 300 ºC 
during 1.5 h 
Hydrothermal 
Carbonization 







Activated using 1.0 M 
ZnCl2 at 500 ºC for 3 h 
Pyrolysis 




2.4.1 Adsorbents prepared from citrus fruits peels 
One of the characteristics of citrus fruits is the relatively high mass proportion of 
peels. New technologies have been developed in order to convert this huge waste 
disposal problem into an additional source of income64. Taking into account the large 
amount of waste generated in the citrus juice processing industry, these organic waste 
represents a renewable, abundant and cheap source of biomass54.  
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Given the large amount of organic matter present in citrus fruit peels, the disposal 
of this kind of residue directly in the soil is difficult, given the potential damage to the 
natural and beneficial microorganisms presented in it32. Table 5 shows the main 
constituents of different citrus fruits varieties on the dry matter weight. 









Orange 65.4 31.8 2.2 
Tangerine 75.5 22.6 0.0 
Mandarin 58.2 32.6 9.2 
Grapefruit 65.1 33.3 1.6 
Lemon 69.6 25.0 5.3 
Note¹: Dry matter weight 
Source: PASCUAL & CARMONA (1980)65; ZEMA et al. (2018)66. 
Guiza (2017)67 evaluated the adsorption of Cu2+ from aqueous solution using 
orange peel and verified the presence of chemical functional groups such as carbonyls, 
hydroxyls, amines and amides. These groups were identified as potential adsorption sites 
responsible for binding the metal ions to the adsorbent. Torab-Mostaedi et al. (2013)68 
studied the biosorption of cadmium and nickel in grapefruit peels and observed that 
functional groups such as carboxyls and carbonyls are the main responsible for the 
biosorption of heavy metals. Some researchers associate the presence of functional 
groups such as carboxyl and phenols with the existence of cellulose, hemicellulose and 
lignin in this kind of residue59,69. 
The different properties presented by the fruit peels make this waste suitable as 
adsorbent. Heavy metals, dyes and organic pollutants can be successfully removed from 
an aqueous solution using fruit peels70. 
Chen and Chen (2009)18 evaluated the adsorption of naphthalene and 1-naphthol 
by activated carbons prepared from the orange peel. They observed that with the increase 
of the temperatures employed in the pyrolysis process there was an increase in the 
adsorption of the mentioned compounds. The authors justified that this fact could be 
explained by the increase of the surface area of the carbonaceous material. 
Mohammadi et al. (2014)57 studied the removal of Malachite green dye and lead 
from wastewater using lemon peels and obtained removals of over 90% of the heavy metal 
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and reported that the low cost, the fast adsorption ability and the easiness of regeneration 
of this adsorbent offers a promising technique for the cleaning of wastewater. 
2.5 Nickel pollution 
According to Koller & Saleh (2018)71, heavy metals are natural elements 
presenting high atomic mass and high density, usually at least 5 g cm-3. Some heavy 
metals, such as iron, cobalt, nickel, copper, zinc and arsenic, are essential in animals, 
with indispensable functions for the entire human metabolism72. Several studies indicate 
that some heavy metals are, or are at least, likely to be carcinogenic (hexavalent 
chromium, arsenic, cobalt, nickel, antimony, vanadium and mercury), mutagenic (arsenic 
and vanadium), teratogenic (arsenic), allergenic (nickel) or endocrine-disrupting (silver, 
copper, zinc and selenium)71. Low levels of nickel induce reduced growth in intrauterine 
development and its deficiency can reduce iron absorption and leads to anemia73. The 
main adverse effects caused by exposure to this metal and its compounds are skin 
allergies, lung fibrosis and lung cancer74,4. Not all nickel compounds are equally 
carcinogenic, their carcinogenic potency depends on their ability to enter cells75. 
Nickel(II) comprises about 3% of the composition of the Earth, it is one of the most 
abundant elements in the Earth’s crust, it is the 5th most abundant by weight76,75 and it is 
one of the most used in the manufacturing process of stainless steel, metallic alloys and 
batteries5. Nickel is released from various industries, like nickel plating, silver refinery, 
zinc-based casting industry and storage batteries, mining and metallurgy of nickel2. These 
industries can generate great amounts of effluents with the presence of organic and 
inorganic compounds, like nickel. When the concentration limits are reached these 
compounds exhibit toxic and non-biodegradable properties2,77. 
The presence of nickel in drinking water can also occur due to the corrosion of 
pipes containing nickel in their composition or even owing to the poorly removal of this 
metal by water treatment systems78. Regulatory environmental agencies establish 
concentration limits for this metal, due to the risks presented by the presence of nickel in 
drinking water and wastewater. In Brazil, the National Council for the Environment 
(CONAMA)79, in its resolution nº 357/2005, determines as a standard of water quality the 
nickel concentration limit of 0.025 mg L-1 for freshwater classes 1, 2 and 3 and the 
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emission limit in water bodies as being 2 mg L-1. In Portugal, the Ministry of the 
Environment80, in its Decree-law nº 236/1998, does not establish a maximum admissible 
value for freshwater destined to urban water supply. However, after treatment, the 
established nickel concentration limit is 0.05 mg L-1. For the discharge of effluents into 
water bodies, the emission limit value is 2 mg L-1. The WHO81 establishes as guideline a 
value of 0.07 mg L-1 for the concentration of nickel in drinking waters. 
2.6 Adsorption with activated carbons 
According to Ruthven (1984)82, adsorption is the transfer of substances 
(adsorbates) from a fluid phase to the surface of a solid phase (adsorbent). In this process, 
the molecules present in the fluid phase are adsorbed on the surface of the adsorbent due 
to the existence of attractive forces that are not compensated. According to IUPAC, 
adsorption is a surface phenomenon in which particles and/or molecules bind to the top 
layer of a material. 
Adsorption can be divided into two classes: physical adsorption (physisorption) 
and chemical adsorption (chemisorption). Physical adsorption occurs through 
intermolecular interactions, such as Van Der Waals, between the adsorbent and the 
adsorbate (solute that is expected to be adsorbed). Chemisorption involves the chemical 
interaction between the two components83. 
There are several techniques which are used to remove contaminants from the 
environment, including ion exchange, precipitation, adsorption and membrane processes. 
Adsorption is the most promising technique since it presents a low cost and easy 
operation84. It is a technique generally used in the removal of contaminants, such as 
agricultural pesticides, heavy metals and substances dissolved in aqueous solutions in 
which the removal is rendered impracticable by conventional techniques. 
Adsorption can be influenced by the properties of the adsorbent, pH, 
concentration of the adsorbate and the adsorbent load. These characteristics will directly 
affect process efficiency85,19. In the case of pH, the improved metal cation adsorption at 
higher solution pH occurs due to the lower number of H+ ions, while at low pH, competition 
occurs between hydronium and metal cations, reducing the ion adsorption36,86,87.  
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As illustrated in Figure 4 for adsorption of nickel, the functional groups present at 
the surface of activated carbons play an important role in the adsorption process. 
Carboxylic, phenolic and other organic functional groups are responsible for the surface 
reactivity of activated carbons5. 
 
Figure 4. Graphical representation of possible adsorption mechanisms of nickel. 
Source: YU et al. (2019)6. 
Kinhikar (2012) evaluated the performance of granular activated carbons 
unmodified and modified with nitric acid in the process of nickel adsorption and observed 
that the adsorption by granular activated carbon was increased after the oxidation with 
nitric acid. The author explains that this fact is due to the formation of additional surface 
functional groups that favor nickel adsorption76.  
Samarghandi et al. (2010)88 used activated carbons obtained from holly sawdust 
and observed a decrease of the nickel removal in terms of percentage (48.37 to 40.45%) 
with the increase of nickel concentration from 40 to 80 mg L-1, which can be explained by 
the limited amount of active sites that become saturated above certain concentrations. 
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Erdoǧan et al. (2005)89 studied apricot waste to produce activated carbons employing 
different pyrolysis temperatures (400, 500, 600, 700, 800 and 900 ºC) and observed that 
the activated carbon obtained at 900 ºC revealed a higher rate of nickel adsorption as well 
as higher surface area and pore volume. 
2.7 Adsorption kinetics 
Several factors can affect the adsorption process in a liquid medium, such as 
molecular structure or nature of the adsorbent, solubility of the adsorbate and pH 
solution85,36. The molecular structure of the adsorbent is important in ordering the degree 
of adsorption that affects the type and location of the functional groups responsible for the 
process90. 
The adsorbed amount of the adsorbate on the adsorbent at the equilibrium is 
calculated by the difference between the initial concentration of the adsorbate and the 
remaining concentration in the solution after equilibrium91, according to Equation 1: 
 
   𝑄𝑒 =
𝑉 (𝐶0 −  𝐶𝑒)
𝑊
 (1) 
where Qe (mg g-1) is the amount of adsorbate on the adsorbent, V (L) is the volume of 
solution, C0 (mg L-1) is the initial concentration of the adsorbate in the solution, Ce (mg L-1) 
is the concentration of the adsorbate remaining in the solution after equilibrium and W (g) 
is the amount of adsorbent. In batch experiments, the amount of adsorbate on the 
adsorbent upon a given adsorption time is defined in Equation 2: 
 
   𝑄𝑡 =
𝑉 (𝐶0 −  𝐶𝑡)
𝑊
 (2) 
where Qt (mg g-1) is the amount of adsorbate on the adsorbent at time t, V (L) is the volume 
of solution, C0 (mg L-1) is the initial concentration of the adsorbate in the solution, Ct 
(mg L-1) is the concentration of the adsorbate in the solution at time t and W (g) is the 
amount of adsorbent. 
The adsorption kinetic mechanism occurs in three main steps: (i) diffusion of the 
adsorbate to the outer surface of the adsorbent. In other words, the adsorbate molecules 
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are transported from the liquid phase to the boundary layer surrounding the adsorbent; (ii) 
intraparticle diffusion, step in which the diffusion of the surface occurs to the active sites 
inside the particles, and (iii) chemical interaction or adsorption itself on the active sites via 
different mechanisms such as chelation, ion exchange or complexation82. 
Kinetic models are used to evaluate the behavior of the adsorbent. It is possible 
to know the variables that influence adsorption and predict the rate at which the pollutant 
is removed, being very important for the development of adequate treatment systems. 
The Lagergren equation, also known as the kinetic equation of pseudo-first order, was 
one of the first-rate equations developed for adsorption at solid surfaces in solid/liquid 
systems. It is widely used in adsorption processes in aqueous solution and it is based in 
the adsorption capacity of the solid92. 
According to Miao et al. (2016)93, this model assumes that the rate of change of 
solute adsorption over time, the difference in saturation concentration and the amount of 
solute adsorbed as a function of time are directly proportional to time. The Lagergren 
equation is presented in Equation 3, 
 𝑄𝑡 = 𝑄𝑒(1 − 𝑒
−𝑘1 𝑡) (3) 
where Qe (mg g-1) and Qt (mg g-1) are the amounts of substance adsorbed at equilibrium 
and at time t (min), respectively, and k1 (min-1) is the constant of the adsorption rate. 
The kinetic model of pseudo-second order is also based in the adsorption capacity 
of the solid phase and demonstrates the behavior of the process over the entire contact 
time band92. 
The advantage of this model is that it is not necessary to know the equilibrium 
capacity in the experiment, since it can be calculated94. The pseudo-second order model 





1 + 𝑄𝑒  𝑘2 𝑡
 (4) 
where Qe (mg g-1) and Qt (mg g-1) are the amounts of substance adsorbed at equilibrium 
and at time t (min), respectively, and k2 (g mg-1 min-1) is the adsorption rate constant of 
pseudo-second order. 
                                                                                                                  21 
V. C. MARQUES 
 
Several authors have used the kinetic models of pseudo-first and pseudo-second 
orders to investigate the mechanism of adsorption of heavy metals with different 
adsorbents6,39,88,95,96,97,98. 
Another model widely used to describe the kinetics of adsorptive processes is the 
Elovich model. The Elovich equation Equation (5) considers an exponential decrease in 
the adsorption rate with the increase in the adsorbed amount and is usually used to 





)  𝑙𝑛(1 + 𝛼 𝛽 𝑡) (5) 
where Qt (mg g-1) is the amount of substance adsorbed at time t (min), β (g mg-1) is the 
constant related to the extent of surface coverage and activation energy for chemisorption, 
α (mg g-1 min-1) is the initial sorption rate. 
According to Liu et al. (2008)100 the intercept (absolute value of α)  of  the  Elovich  
equation  indicates  the  ability  of  the  adsorbent, that is, the larger is the value of α, the 
stronger is the ability for adsorption. Many authors have also used the Elovich model to 
study the adsorption kinetics of heavy metals100,101,102,103. 
2.8 Equilibrium adsorption isotherms 
Starting from solutions with different solute concentrations, the concentrations of 
the solute adsorbed on the solid phase (Qe) and the concentrations of solute remaining in 
the solution after the equilibrium (Ce) represent pairs of coordinates distributed in the 
Cartesian plane, an adsorption isotherm being thus obtained. 
Giles et al. (1974)104 classified sorption isotherms for solutes, relating their 
characteristic shapes to parameters of the solvent. They are distinguished between four 
isotherm classes: high affinity (H), Langmuir (L), constant partition (C) and sigmoidal-
shaped (S), as shown in Figure 5. 
According to Hinz (2001), “S isotherms have a concave shape at low 
concentrations. While both H and L isotherms have a convex shape, the slopes of H 
isotherms reach high values whereas slopes of L isotherms remain constant. This 
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indicates that the sorption affinity of H isotherms increases with decreasing concentration. 
C isotherms are defined by a constant sorption affinity”.105 
 
Figure 5. Isotherm classification according to Giles et al. (1974)104. 
Source: HINZ (2001)105. 
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Adsorption isotherms are widely used to represent equilibrium states of an 
adsorption system. They are the first experimental information considered to choose 
between different adsorbents, since different materials produce biochars with different 
characteristics83,19. The adsorption isotherms indicate: 
 How the adsorbent will effectively adsorb the solute; 
 An estimate of the maximum amount of solute that the adsorbent will adsorb; 
The experimental process carried out for the determination of the isotherms 
consists in placing the solution containing the component to be adsorbed with different 
masses of adsorbent (or a determined adsorbent mass may be used and varying the 
adsorbate concentrations) until equilibrium is reached. After filtration, the equilibrium 
concentration in the solution and the amount of adsorbate that has been adsorbed can be 
obtained, being possible to plot the isotherm83,91. 
2.8.1 Langmuir isotherm 
The Langmuir isotherm is one of the first equations used to explain adsorption 
processes, mainly to describe monolayer adsorption processes106. The Langmuir 
isotherm is given in Equation 6. 
 
  𝑄𝑒 =  
 𝑄𝑚 𝐾𝐿 𝐶𝑒
1 + 𝐾𝐿 𝐶𝑒
 (6) 
where Qe (mg g-1) is the adsorbed concentration at equilibrium, Qm (mg g-1) is the 
maximum adsorption capacity after the formation of a monomolecular layer of the solute 
on the adsorbent surface,  KL (L g-1) is the Langmuir coefficient, related to the affinity of 
the solute for the adsorbent and Ce (mg L-1) is the concentration of the solute in the 
solution at equilibrium107. 
The Langmuir isotherm is based on the following assumptions108: 
 The adsorption surface is homogeneous. In other words, the adsorption is constant 
and independent of the extension of the surface cover; 
 Adsorption occurs at specific sites, without interaction with solute molecules; 
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 The adsorption becomes maximum when a monomolecular layer totally covers the 
adsorbent surface; 
 The surface reveals a finite number of adsorption sites. 
Bibaj et al. (2019)109, evaluating the adsorption of nickel using banana peels as a 
source for activated carbon, obtained adsorption data that best fit the Langmuir model. 
Shukla & Pai (2005)87 also obtained a better fit to the data using the Langmuir isotherm 
by evaluating the adsorption of Cu(II), Ni(II) and Zn(II) using activated carbons from jute 
(a vegetal fiber, which is basically cultivated in India and in Bangladesh). 
2.8.2 Freundlich isotherm 
The Freundlich model is used to evaluate the equilibrium conditions assuming a 
multi-molecular layer adsorption mechanism110, different from the Langmuir model.  
According to this model, the adsorption energy decreases logarithmically, as the 
surface is being covered by the adsorbate. When this is admitted to occur due to the 
heterogeneity of the surface, the Freundlich’s model is no longer purely empirical. The 
nonlinear form of the equation is shown in Equation 7. 
 
𝑄𝑒 =  𝐾𝑓 𝐶𝑒
1
𝑛 (7) 
where Qe (mg g-1) is the amount of solute retained by the adsorbent, Kf is the Freundlich 
coefficient, an intercept that indicates the ability of the adsorbent to retain the solute, Ce 
(mg L-1) is the solute concentration in the solution and n is a dimensionless parameter 
associated with the inclination of the isotherm107. Mathematically n can be interpreted as 
the measure of heterogeneity between the adsorption sites111. 
According to Awoyemi (2011)112, the application of the model is limited to 
concentrations below saturation, where adsorption phenomena are not significant and still 
does not provide a limit of adsorption capacity, because with the increase of the adsorbed 
amount the concentration increases infinitely in this model. In the Freundlich isotherm, the 
presence of adsorbed ions in the neighboring sites of the adsorbent surface affects the 
adsorption of ions, causing steric hindrance and, therefore, the adsorption energy for each 
site is different113. 
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2.8.3 Tóth isotherm 
The Tóth model (TOTH, 1981)114 was developed to modify the Langmuir equation 
in order to improve the fitting of the model to experimental data, and is often useful to 
describe heterogeneous systems115. Although the Tóth model is derived from gas/solid 
studies, the model can be extended to liquid/solid adsorption systems116. The general 
isotherm equation (GIE) form is shown in Equation 8. 
 
𝑄𝑒 =
𝑄𝑚 · 𝛼 · 𝐶𝑒
𝑚𝑎
1 + 𝛼 · 𝐶𝑒
𝑚𝑎 − 𝑘 · 𝐶𝑒
𝑚𝑘
 (8) 
where Qe (mg g-1) is the adsorbed concentration, Qm (mg g-1) is the maximum adsorption 
capacity, Ce (mg L-1) is the solute concentration in the solution, α, ma, mk and k are the 
isotherm constants. 
Vijayaraghavan et al. (2006)117, Brdar et al. (2012)118 and Thi & Van (2016)119 
used the Tóth isotherm (not as GIE form) to describe the adsorptive process of heavy 
metals.
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3 MATERIALS AND METHODS 
3.1 Reagent and materials 
Tangerine peels were obtained after domestic use. 97% iron (III) chloride 
hexahydrate (FeCl3·6H2O) was supplied from Panreac, 95% nickel(II) chloride 
hexahydrate (NiCl2·6H2O), 98% sodium hydroxide (NaOH) and 37% hydrochloric acid 
(HCl) were obtained from Fisher chemical. Nitrogen 99.995% was supplied from Praxair. 
Distilled water was used throughout the research. 
3.2 Production of the activated carbons 
Tangerine peels were firstly placed in oven at 100 ºC for 24 h in order to dry. Later 
they were grinded and sieved. For the production of activated carbons, the particle sizes 
between 106 and 250 µm were used and it was achieved using two sieves with metallic 
mesh (CISA) according to ISO 3310.1 and ASTM E-11-95 (Nº 140 and 60, respectively). 
Activated carbons were prepared from the peels of tangerine in two steps: 1) 
hydrothermal activation and 2) pyrolysis. For the activation stage, 2.5 g of the dried sieved 
peels were immersed in 20 mL of FeCl3 solution at different concentrations (2.5, 1.0 and 
0.5 M) and kept in a 125 mL removable Teflon vessel inserted in a stainless high-pressure 
reactor (Model 249M 4744-49, Parr Instrument co., USA) under autogenous pressure at 
200 ºC for 3 h (Figure 6A and Figure 6B). 
  
Figure 6. Stainless steel high-pressure batch reactor (A); Oven used in the activation process (B). 
A B 
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After cooling, the resultant suspension was filtered in order to recover the liquid 
and the solid fractions. The recovered solid was washed with distilled water several times 
until the rising waters reached the natural pH of distilled water and reveal absence of color. 
Then, the solid material was dried overnight in oven at 60 ºC. The liquid fraction was 
recovered to determine its TOC (Total Organic Carbon) in order to assess the carbon loss 
from the raw biomass. 
The carbonization of the activated and of the non-activated samples was carried 
out under nitrogen continuous flow (100 cm³ min-1) at 800 ºC, for 4 h, using the tubular 
furnace (Therm Concept) shown in Figure 7. 
 
Figure 7. Tubular furnace used in the pyrolysis process. 
The prepared materials were named as follows: 
 TW-C: Pyrolized tangerine peels. 
 TW-Fe-0.5-C: Tangerine peels treated by HTC with FeCl3 0.5 M and pyrolysis. 
 TW-Fe-1.0-C: Tangerine peels treated by HTC with FeCl3 1.0 M and pyrolysis. 
 TW-Fe-2.5-C: Tangerine peels treated by HTC with FeCl3 2.5 M and pyrolysis. 
 TW-Fe-2.5: Tangerine peels treated by HTC with FeCl3 2.5 M. 
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3.3 TOC of liquid fraction from HTC 
The TOC quantification of the liquid samples taken from the HTC runs was 
performed using a Shimadzu TOC-L CSH/CSN equipment. To prepare the samples for 
analysis, a first dilution was made using 1 mL of the sample in a 250 mL volumetric flask, 
making up the rest with distilled water. The equipment to quantify TOC can be seen in 
Figure 8. 
 
Figure 8. Equipment used for TOC analysis. 
3.4 Burn-off 
The degree of burn-off should be interpreted as the reduction in mass of the 
material after the pyrolysis process. Several authors still claim that higher burn-off rates 
and lower yields may be associated with improved textural properties of activated 
carbon120,121,122,123,124. The burn-off level was calculated using equation (9). 
 
 
𝐵𝑢𝑟𝑛 − 𝑜𝑓𝑓 (%) =
(𝑚𝑖 − 𝑚𝑓)
𝑚𝑖
∗ 100 (9) 
where mi is the initial mass and mf is the mass after the pyrolysis process. 
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3.5 Characterization of ACs 
3.5.1 Ash content 
To determine the ash content, a muffle (Figure 9) was used. First, the crucibles 
were calcined at 800 ºC for 30 minutes, then the empty crucible was weighed (P1), 0.1 g 
of activated carbon (P3) was added to the crucibles and taken to the muffle, where they 
remained for 4 h at 800 ºC. After that time, the crucibles were allowed to cool and were 







∗ 100 (10) 
 
Figure 9. Muffle used to determine ash content. 
3.5.2 Elemental analysis 
The composition of the materials were determined by elemental analysis (Carlo 
Erba Instrument EA 1108) to know the weight percentages of Carbon, Nitrogen, Hydrogen 
and Sulfur for both the raw biomass and the materials produced. 
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3.5.3 Surface chemistry analysis 
To determine the acidity and basicity of the ACs it was applied an acid-base 
titration. First, 0.2 g of activated carbon were weighed and placed in contact with 25 mL 
of 0.02 mol L-1 sodium hydroxide (NaOH) and 0.02 mol L-1 hydrochloric acid (HCl) 
solutions in 100 mL flasks. The flasks with the solutions and the adsorbent were closed 
and shaken for 48 h, in a shaker at 320 rpm. Subsequently, the solutions were filtered and 
20 mL of the NaOH and HCl solutions titrated with hydrochloric acid (HCl 0.02 mol L-1) 
and sodium hydroxide solutions (NaOH 0.02 mol L-1), respectively. The surface acidity 
and basicity on the carbons were calculated, in mmol g-1, according to Equation 11. 
 
 




𝐶𝑎𝑏 − (𝑉𝑡 ∗ 𝐶𝑡𝑎𝑏)
0.020
) (11) 
where m is the amount of carbon (g), Cab is the concentration of NaOH or HCl in solution, 
Vt is the titrated volume of NaOH or HCl and Ctab is the concentration of NaOH or HCl for 
titration. 
3.6 Ni(II) adsorption runs 
3.6.1 Adsorption kinetics of Ni(II) 
First, 0.25 g of activated carbon were placed in a 250 mL Erlenmeyer containing 
100 mL of a 5 mg L-1 nickel(II) chloride solution at natural pH (around 6). The moment in 
which the activated carbon is placed was defined as the initial time t0 = 0. The adsorption 
was promoted at 240 rpm and at 25 ºC using an incubator Shel Lab SI4 (Figure 10). Then, 
different samples were withdrawn from the Erlenmeyer at the following selected times: 15, 
30, 60, 120, 240 and 1440 min. The samples were filtered in order to separate the 
adsorbent from the liquid fraction. Then, the Ni(II) ions were quantitatively analyzed by 
atomic absorption spectrophotometry. 
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Figure 10. Incubator used for analysis. 
The amount of nickel adsorbed on the activated carbon in each test was 
calculated using the previously defined Equation 1.  
3.6.2 Equilibrium adsorption isotherms of Ni(II) 
The adsorption was studied by means of the equilibrium method. First, 0.125 g of 
activated carbon were placed in a 250 mL Erlenmeyer containing 50 mL of the nickel(II) 
chloride hexahydrate solution, at different concentrations (0, 10, 20, 50, 80, 100, 250, 750 
and 1000 mg L-1) and under the pH of the solution (around 6). The mixtures were stirred 
at 240 rpm for 72 h at room temperature (25 ºC). Samples were filtered and analyzed, as 
above explained. 
After obtaining the data, modeling was performed to identify which isotherm best 
represented the adsorption process.  
3.6.3 Study of pH effect on the removal of Ni(II) by activated carbon 
The pH values of the Ni(II) solution studied were 3, 5, 7 and 9. For each run, 25 mL 
of the 100 mg L-1 nickel(II) chloride hexahydrate was used with 0.0625 g of the adsorbent 
(2.5 g L-1) and a contact time of 72 h. The pH of the solution was adjusted using 1 mol L-
1 HCl and 1 mol L-1 NaOH during all runs. After 72 h, the samples were filtered in order to 
separate the adsorbent from the liquid fraction and the concentration of Ni (II) in the filtrate 
was determined. 
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3.6.4 Determination of nickel 
The concentrations of Ni(II) in the filtrates obtained in the experimental runs were 
obtained by atomic absorption spectroscopy in a Varian SpectrAA 220 (Varian, 
Steinhausen, Switzerland). 
3.7 Modelling and statistical methods 
Kinetic and isotherm models were fitted by non-linear analysis in order to avoid 
errors generated by different estimates resulting from the simple linear regression of the 
linearized forms. This provides a mathematically rigorous method for determining 
isothermal parameters using the original form of the isothermal equation125,126. The 
adsorption equilibrium data for nickel were analyzed by non-linear curve fitting analysis, 
using software OriginPro 8.5. For analysis and validation of kinetic models, adsorption 
isotherms and their parameters, the t-test and the F-test with a 5% significance level (αprob) 
were used. The kinetic mechanism controlling the adsorption process were evaluated 
fitting the pseudo-first order (Equation 3), the pseudo-second order (Equation 4) and the 
Elovich (Equation 5) models by non-linear regression. To evaluate the Langmuir, 
Freundlich and the GIE of Tóth, equations 6, 7 and 8 were used, respectively. The sets of 
isothermal parameters were determined by non-linear regression. 
The student’s t-test was used to analyze the null hypothesis that the calculated 
parameter value is zero. The higher the t value, the lower the probability of the analyzed 
parameter to be zero, however the Prob. > |t|  is easier to interpret, since this, being less 
than αprob means that we can reject the null hypothesis of the t-test and assume that the 
calculated parameter is significant. The smaller Prob. > |t|, the more unlikely the parameter 
is equal to zero127. 
The Fisher’s F-test was used in the regression analysis to test the hypothesis that 
all model parameters are zero. The F Value and Prob. > F statistics test the overall 
significance of the regression model. Regarding the F value, it can be inferred that the 
higher is the deviation of this parameter from 1, the stronger is the evidence that the 
adjusted model differs significantly from the null hypothesis. If Prob. > F is less than αprob, 
it can be concluded that the model has statistical significance127. 
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A parity graph was used to assess the final adjust of the calculated values in 
relation to the experimental data. Each point has coordinates (x, y), where x is the 
calculated value and y is the corresponding experimental value. A line of the equation y = 
x is drawn as a reference, when an experimental value is close to a calculated value, the 
closer these points are to the line y = x128. 
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4 RESULTS AND DISCUSSION 
4.1 Preparation of activated carbons: burn-off and TOC 
The activated carbons were prepared according to the procedure described in the 
experimental section. The precursor and the resultant solid material obtained after the 
pyrolysis process was weighted to determine burn-off. The liquid phase of the samples 
prepared by HTC was collected to analyze the values of TOC. In this way, it is possible to 
confirm the amount of organic carbon that was lost during the hydrothermal carbonization 
process. Table 6 shows the burn-off levels obtained for the activated carbon that 
underwent the pyrolysis process, as well as the TOC values obtained in the liquid phase 
of the HTC process. 






TW-C 76.40 -- 
TW-Fe-0.5-C 52.60 17.70 
TW-Fe-1.0-C 50.95 18.80 
TW-Fe-2.5-C 48.97 11.50 
TW-Fe-2.5 -- 11.50 
 
According to Teng and Lin (1998)122 the surface area and the pore volume of the 
activated carbons increase with the increase in the temperature of pyrolysis and the 
proportion of volume of micro, mesopores and the average diameter of the pores generally 
increases with the level of burn-off. 
From Table 6, it is possible to observe that the activated carbon that did not go 
through the HTC process, and therefore did not contain iron in its composition, had the 
highest burn-off level in the pyrolysis (76.40%). Lim et al. (2010)129, evaluating the yields 
of activated carbons obtained from palm shells using phosphoric acid as an activating 
agent, justified that lower burn-off values were obtained due to the presence of phosphoric 
acid. It was explained due to the capacity to form a bond layer, such as esters of 
phosphate and polyphosphate, which can protect the structure of the internal pores and 
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thus prevent the adsorbent from excessive burning. The same reasoning can be applied 
in the results obtained in this work, considering that when modifying the activated carbons 
with iron, the surface chemistry of the carbon changes due to modification of the functional 
groups130.  
Liu et al. (2018)131, evaluating the effects of FeCl3 (impregnation with FeCl3 and 
subsequent pyrolysis at 800 ºC) on the physico-chemical structure of activated carbons 
obtained from Jixi bituminous coal observed that, as the amount of FeCl3 increased, the 
volume of micropores increased, indicating an increase in the quantity and in the presence 
of larger micropores. The authors still state that these changes may be related to the 
catalytic cracking characteristics of FeCl3132. According to Gong et al. (2009)133, the 
addition of iron-based catalysts caused the cleavage of microcrystalline structure, 
releasing volatile matter (such as CO or CO2) and leading to the formation of pores. 
This fact can also be used to justify the concentrations of organic carbon found in 
the liquid phase of the prepared samples. Release of organic matter present in the 
tangerine peels as a result of the action of the activating agent. It was expected that 
activated carbon with a higher concentration of FeCl3 would have a higher concentration 
of organic matter in solution, a fact that was not observed. The activated carbon TW-Fe-
1.0-C had the highest TOC (18.80 g L-1). 
4.2 Characterization of activated carbons 
4.2.1 Elemental composition and ash content 
Table 7 shows the values of carbon, hydrogen, nitrogen, sulfur and ash for the 
tangerine peels and for the activated carbons prepared. 
Table 7. Elemental composition and ash content in the tangerine peels and in the activated carbons. 
Sample C (%) H (%) N (%) S (%) 
Non-
identified¹ (%) 
C/H Ash (%) 
Peels 42.1 ± 0.1 6.17 ± 0.03 0.77 ± 0.05 0.05 ± 0.03 46.46 6.82 4.4 ± 1.4 
TW-C 79.4 ± 0.4 1.39 ± 0.02 1.63 ± 0.01 0.03 ± 0.01 9.55 57.2 8.0 ± 0.4 
TW-Fe-0.5-C 93.1 ± 0.2 1.21 ± 0.04 1.01 ± 0.05 0.03 ± 0.02 2.45 77.0 2.2 ± 0.3 
TW-Fe-1.0-C 90.8 ± 1.0 1.20 ± 0.00 0.86 ± 0.02 0.04 ± 0.01 3.80 75.8 3.3 ± 1.0 
TW-Fe-2.5-C 87.6 ± 1.5 1.06 ± 0.03 0.02 ± 0.01 0.03 ± 0.03 6.21 82.8 5.1 ± 0.6 
TW-Fe-2.5 65.9 ± 0.2 4.74 ± 0.05 0.44 ± 0.02 0.03 ± 0.01 24.04 13.9 4.8 ± 2.2 
Note¹: Obtained by the difference: 100%-C(%)-H(%)-N(%)-S(%)-Ash(%). 
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Comparing to the raw waste it is possible to observe that the carbon content 
increases and the hydrogen levels decrease. The pyrolysis process causes the release of 
volatile compounds, such as water and low molecular weight hydrocarbons134,135.  Higher 
levels of hydrogen in carbon TW-Fe-2.5 occur due to the hydration process.  
The C/H ratio has been accepted as an indication of condensation reactions or 
polycyclization reactions, common in the carbonization and activation process136. It can 
be seen that the C/H ratio increases during pyrolysis or HTC, since all materials show 
higher C/H ratio when compared to the raw materials (6.82). This is a typical result of any 
carbonization process, since it is known that it improves the aromaticity of the original 
waste135. ACs prepared by sequential HTC and pyrolysis show a higher C/H ratio (77.0-
82.8) when compared to the material prepared only by pyrolysis (57.2) or by HTC (13.9). 
Among them, Sample TW-Fe-2.5-C had the highest C/H ratio, being slightly more than 12 
times greater than that of tangerine peels. 
After pyrolysis, an increment of the ash content of the solid material is expected 
by the volatilization of part of the organic compounds of the raw material, as observed in 
the material TW-C (8.0%). However, HTC leads to decrease the ash content up to 2.2%, 
likely because the iron chloride solution causes the dissolution of some inorganic 
compounds of the raw material. The ash content of an activated carbon is a measure of 
the inert, inorganic, and unusable part of the material and their presence in activated 
carbon is harmful in the adsorption process, since they modify the interaction between the 
surface of the activated carbon and the substance to be adsorbed137. The ash content 
increases by rising the iron chloride concentration, due to iron incorporation. 
Non-identified species (different from C, H, N, S and ashes) is typically associated 
to the element oxygen. As observed, its content decreases after either pyrolysis or HTC, 
as a consequence of the carbonization processes (oxygen is released). Fernandez et al. 
(2015)62 evaluating the adsorbent potential of activated carbons prepared from orange 
peels also observed an increase in carbon content after hydrochar pyrolysis, as well as a 
reduction in the H content due to the dehydration process.  
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4.2.2 Surface acidity and basicity 
Agricultural residues are generally composed of lignin, cellulose and 
hemicellulose. Being the main chemical components contained in these residues, they 
present a variety of functional groups36. 
The adsorptive properties of ACs are influenced not only by its textural properties, 
such as porosity and surface area, but the surface chemistry also has a strong effect138. 
The functional groups present at the surface of activated carbons may contain 
heteroatoms such as oxygen, nitrogen and phosphorus that form organic functional 
groups, such as carbonyls, carboxylic acids, lactones, ethers, phenols, aldehydes, amines 
and phosphates, which can be neutral, acidic or basic. The surface chemistry depends on 
the composition of the raw material used and on the activation method139,140. The results 
obtained in terms of acidity and basicity of the activated carbons prepared are shown in 
Table 8. 






TW-C 0.00 1.83 
TW-Fe-0.5-C 0.15 0.63 
TW-Fe-1.0-C 0.04 0.88 
TW-Fe-2.5-C 0.23 0.70 
TW-Fe-2.5 N.A.* 0.21 
* N.A. = Not applied. 
As observed, the activated carbons prepared by HTC, when compared to the 
biochar, prepared only by pyrolysis (TW-C), show changes in the total acidity and total 
basicity of the activated samples.  
According to the data given in Table 8, it can be seen that the content of acid 
groups in sample TW-Fe-2.5-C is the highest among all the analyzed samples. On the 
other hand, sample TW-C has a larger number of basic sites when compared to the other 
samples and no acidic sites were identified. Less basicity in the ACs prepared by HTC 
could be ascribed to the chloride precursor used as activating agent. 
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Largitte et al. (2016)141, when assessing the adsorption of lead in aqueous 
medium using activated carbons prepared from guava seeds and almond shells 
(lignocellulosic residues), observed that the activated carbon prepared from almond shells 
showed only alkaline groups on its surface and pointed out that the ion exchange 
mechanism must occur with a static interaction of the cation Pb2+ and the π-electrons 
present in the graphene layer of the carbon, while the activated carbons that have acid 
groups will favor the ion exchange mechanism with the surface groups of these carbons. 
Acid behavior is associated with surface oxygen complexes or oxygen 
functionalities, such as carboxyls, lactones and phenols. On the other hand, functionalities 
such as pyrones, chromenes, ethers and carbonyls are responsible for the basic 
properties of carbon surfaces139,142. Menéndez et al. (1996)143 associate the basicity of 
activated carbons to the absence of oxygen-containing groups that are predominantly 
acidic in nature.  
4.3 Nickel adsorption 
4.3.1 Adsorption kinetics 
Table 9 summarizes the results obtained for the amount of nickel adsorbed on all 
materials at equilibrium (Qe) during the adsorption runs. 
Table 9. Amount of Ni(II) adsorbed at natural pH, room temperature and 2.5 g L-1 of adsorbent after 72 h. 
Initial concentration of 
Ni (II)  (mg L-1) 
Amount adsorbed, Qe (mg g-1) 
TW-C TW-Fe-0.5-C TW-Fe-1.0-C TW-Fe-2.5-C TW-Fe-2.5 
10 3.98 0.83 3.32 2.87 2.03 
20 7.76 1.53 1.93 4.11 2.08 
50 11.17 0.10 2.16 5.17 2.68 
80 13.90 N.A.* 4.10 5.18 3.97 
100 13.95 2.00 5.48 5.00 2.91 
250 15.74 N.A.* N.A.* 12.34 N.A.* 
750 37.89 N.A.* N.A.* 19.75 N.A.* 
1000 50.16 4.50 N.A.* 28.75 N.A.* 
* N.A. = Not applied. 
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It should be emphasized that the concentrations of 250 and 750 mg L-1 were only 
considered for the samples TW-C and TW-Fe-2.5-C, those showing the best results, so it 
was done to guarantee a better fittings of the isotherm and kinetic models to the results. 
The kinetic adsorption data were modeled using kinetic equations of pseudo-first 
order (3), pseudo-second order (4) and Elovich (5) to get insights about the adsorption 
mechanism. The kinetic models for Ni(II) adsorption are displayed in Figure 11 and Figure 
12, and the results for the kinetic parameters, Prob. > |t|, Prob. > F, F Value and correlation 
coefficients (R²), are listed in Table 10. In Table 11 are showed the amount of substance 
adsorbed at time t (Qt) and removal percentage. 
 
Figure 11. Modelling of the amount of Ni(II) adsorbed as a function of time for the activated carbon TW-C 
(2.5 g L-1) at 25 ºC, C0 = 5 mg L-1 and pH 6. 
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Figure 12. Modelling of the amount of Ni(II) adsorbed as a function of time for the activated carbon TW-
Fe-2.5-C (2.5 g L-1) at 25 ºC, C0 = 5 mg L-1 and pH 6. 
 
Table 10. Kinetic parameters for adsorption of Ni(II) onto the activated carbons TW-C and TW-Fe-2.5-C, 
at 25 °C. 
AC 
Pseudo-first Order 
Parameter Prob. > │t│ Prob. > F F Value R² 
TW-C 
Qe (mg g-1) 1.120 5.87E-04 
0.0011 70.062 0.479 
K1 (min-1) 0.0452 0.0752 
TW-Fe-2.5-C 
Qe (mg g-1) 0.6944 1.64E-05 
3.28E-05 424.25 0.876 
K1 (min-1) 0.0505 0.0048 
  Pseudo-second Order 
TW-C 
Qe (mg g-1) 1.246 2.51E-04 
2.39E-04 155.015 0.761 
K2 (g mg-1 min-1) 0.0462 0.0942 
TW-Fe-2.5-C 
Qe (mg g-1) 0.7483 4.74E-06 
4.73E-06 1,123.023 0.953 
K2 (g mg-1 min-1) 0.1020 0.0058 
  Elovich 
TW-C 
α (mg g-1 min-1) 0.8106 0.0440 
9.43E-07 2,519.01 0.985 
β (g mg-1) 6.450 9.02E-05 
TW-Fe-2.5-C 
α (mg g-1 min-1) 2.313 0.5176 
3.68E-05 400.658 0.868 
β (g mg-1) 13.181 0.0070 
Note¹: If “Prob. > |t|” < αprob (0.05) the calculated parameter has statistical significance. 
Note²: If “Prob. > F” < αprob (0.05) the model has statistical significance. 
Note³: The further this parameter deviates from 1, the stronger the evidence that the model has statistical 
significance. 
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Table 11.  Amount of substance adsorbed at time t (Qt) and removal percentage. 
Time (min) 
Qt (mg g-1) 
Removal % 
Qt (mg g-1) 
Removal % 
TW-C TW-Fe-2.5-C 
15 0.72 36.02 0.40 19.80 
30 0.78 39.00 0.53 26.32 
60 0.84 42.04 0.63 31.64 
120 0.99 49.48 0.66 33.14 
240 1.11 55.70 0.66 33.16 
480 1.31 65.72 0.65 32.60 
1440 1.40 69.96 0.78 38.98 
 
As observed in Table 11, the AC TW-C shows a greater adsorption capacity of 
Ni(II). The adsorption kinetics makes it possible to visualize that after 1 h of the beginning 
of the process just over 42% of the nickel has been adsorbed and at the end of the 
process, 70% of the Ni(II) has been removed from the aqueous medium. For the AC TW-
Fe-2.5-C, at the end of the process almost 40% of the Ni(II) has been adsorbed. It is 
necessary to emphasize again the crucial role of pH in adsorptive processes that are 
favored in more basic values. 
As shown in Table 10, the model that best describes the adsorptive process of 
nickel with the activated carbon TW-C is Elovich with an R² of 0.9851 and a Prob. > F 
below the 5% established as a significance interval, as well as its two parameters (α and 
β) showing statistical significance. The AC TW-Fe-2.5-C, on the other hand, despite the 
Elovich model showing statistical significance according to F-test, its α parameter 
presented Prob. > |t| higher than that established by the significance interval, being 
therefore rejected. Therefore, the pseudo-second order model describes better the 
process. With the parity graphs presented below (Figure 13), it is possible to visualize 
more clearly the models that best describes the experimental data. 
Kumar et al. (2010)144, studying the adsorption of nickel in cashew nut shells, used 
the models of pseudo-first order, pseudo-second order and Elovich to evaluate the 
adsorptive process. The authors also observed that the model that best described the 
process was the pseudo-second order. 
Sudha et al. (2015)56 used the pseudo-first and pseudo-second order models to 
evaluate the lead(II) adsorption process using ACs prepared from Persia lime peels 
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(Citrus limettioides). The authors found that the pseudo-second order model was the most 
appropriate to describe the data. 
 
Figure 13. Parity graphs for the amount of nickel adsorbed at time t (Qt) according to the kinetic models 
applied.
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4.3.2 Equilibrium adsorption isotherms  
The adsorption isotherms for the carbons TW-C and TW-Fe-2.5-C are shown in 
Figure 14 and Figure 15.  
 
Figure 14. Adsorption isotherms for Ni(II) with activated carbon TW-C at natural pH, room temperature 
and 2.5 g/L of adsorbent after 72 h. 
 
Figure 15. Adsorption isotherms for Ni(II) with activated carbon TW-Fe-2.5-C at natural pH, room 
temperature and 2.5 g/L of adsorbent after 72 h. 
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As it is possible to verify, the sample TW-C was more effective in removing nickel 
from the solution than TW-Fe-2.5-C. According to the surface chemistry analysis, the 
sample TW-Fe-2.5-C presents the highest amount of acidic sites, which would favor the 
removal of the heavy metal145. Furthermore, according to Liu et al. (2018)131, the activating 
agent used (FeCl3) has catalytic cracking characteristics, which would favor the creation 
of micropores.  
However, Oliveira et al. (2008)146, when preparing activated carbons made from 
coffee husks and activated with FeCl3, emphasized that the removal of iron species is 
extremely important, since it avoids the blockage of pores and, consequently, a decrease 
in the adsorption capacity of adsorbents produced after activation with Fe salts. In Table 
12 is shown the parameters calculated by nonlinear regression of the Langmuir, 
Freundlich and Tóth isotherms. 
Table 12. Isotherm constants for the adsorption of Ni(II) by TW-C and TW-Fe-2.5-C at 25 ºC. 
AC 
Langmuir 
Parameter Prob. > |t|¹ Prob. > F² F Value³ R² 
TW-C 
Qm (mg g-1) 61.5628 0.0018 
1.27E-04 75.6676 0.8971 
KL (L g-1) 0.0037 0.1006 
TW-Fe-2.5-C 
Qm (mg g-1) 45.7982 0.0013 
7.61E-06 201.7895 0.9658 
KL (L g-1) 0.0018 0.0368 
  Freundlich 
TW-C 
Kf (Ln g-n) 2.2261 0.0336 
9.48E-06 187.1564 0.9574 
n 2.2023 2.44E-04 
TW-Fe-2.5-C 
Kf (Ln g-n) 0.1715 0.0289 
1.91E-06 323.0605 0.9785 
n 1.6718 3.55E-05 
  Tóth 
TW-C 
Qm (mg g-1) 79.9539 0.9961 
3.67E-04 268.4372 0.9939 
α (Lma g-ma) 0.0045 0.9964 
ma 0.0122 0.9484 
mk 0.0071 0.9599 
K (Lmk g-mk) 0.9504 1.31E-06 
TW-Fe-2.5-C 
Qm (mg g-1) 8.1413 0.9926 
0.00215 81.8098 0.9830 
α (Lma g-ma) 0.0097 0.9935 
ma 0.2382 0.9463 
mk 0.0168 0.9798 
K (Lmk g-mk) 0.9236 0.0026 
Note¹: If “Prob. > |t|” < αprob (0.05) the calculated parameter has statistical significance. 
Note²: If “Prob. > F” < αprob (0.05) the model has statistical significance. 
Note³: The further this parameter deviates from 1, the stronger the evidence that the model has statistical 
significance. 
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As shown in Table 12, according to the R² value, the Tóth model was that one 
best describing the experimental data. However, when the results of the t-test are 
evaluated, it appears that the parameters Qm, a, ma and mk did not show statistical 
significance in the 5% confidence level. On the other hand, the Freundlich model was able 
to describe the experimental data with certain precision, with a R² of 0.9557 for TW-C and 
0.9785 for TW-Fe-2.5-C and the two parameters of the equation (Kf and n) were capable 
of presenting statistical significance.  
The fittings of the models to the experimental data can be better visualized in the 
parity graphs given with the experimental data and predicted values for the amount of 
nickel adsorbed in the equilibrium (Qe) (Figure 16). 
Thi & Van (2016)119, studying the adsorption of lead(II) using coffee husks, also 
obtained a better fit to the experimental data from the Toth model. However, the 
Freundlich model had the least average relative error (ARE), 0.85%, against 3.97% with 
the Tóth model, placing in evidence that the Freundlich model shows the best fit of the 
isotherm under the conditions of the experiment. 
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Figure 16. Parity graphs for the amount of nickel adsorbed (Qe) according to the applied isotherms. 
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4.3.3 Effect of pH 
pH plays a key role in the process of adsorption of heavy metals. This applies 
particularly to tangerine peel, an adsorbent of natural origin whose surface contains 
numerous acidic and basic functional groups, as above mentioned. The manipulation of 
the pH of the system can cause dissociation of these groups and cause a significant 
improvement or worsening of the efficiency of removal of Ni(II) ions. In Figure 17 and 
Table 13 is shown the effect of pH on nickel adsorption with the activated carbons 
evaluated. 
 
Figure 17. Effect of pH on the removal of Ni(II) ions with TW-C and TW-Fe-2.5-C at 25 ºC and C0 = 100 
mg L-1. 
Table 13. Experimental data from removal of Ni(II) ions with TW-C and TW-Fe-2.5-C at 25 ºC and C0 = 
100 mg L-1. 
TW-C 
pH Ce (mg L-1) Qe (mg g-1) 
Amount 
adsorbed % 
3 100.00 0.00 0.00 
5 82.22 7.11 17.78 
7 78.63 8.55 21.37 
9 0.99 39.60 99.01 
TW-Fe-2.5-C 
3 100.00 0.00 0.00 
5 100.00 0.00 0.00 
7 94.78 2.09 5.22 
9 4.88 38.05 95.12 
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It is notable that at basic pH there is an increase in heavy metal adsorption, as 
reported by several authors. At pH 9, as shown in Figure 17, carbon TW-C adsorbed 
99.01% of the heavy metal, while carbon TW-Fe-2.5-C adsorbed 95.12%. At pH 3 there 
was no adsorption for both carbons. 
The adsorption of metal cations is improved at a higher pH, due to the lower 
number of H+ ions, while at low pH there is a competition between hydronium cations and 
metals, reducing the adsorption of metal ions36,86,87,147. When the pH is higher, the 
concentration of H3O+ ions decreases and the sites on the surface of the carbon turn 
mainly into dissociated forms and can exchange H3O+ ions with metal ions in solution148. 
Bartczak et al. (2015)77, evaluating the adsorption of nickel in aqueous medium using 
peat, also observed higher nickel adsorption at pH 9 (92.5%). 
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5 CONCLUSIONS 
As shown, the carbons produced were able to remove nickel in aqueous solution. 
In topic 4.3.1, where the results obtained in the kinetic adsorption test are presented, it 
was possible to verify that carbon TW-C was more efficient in removing the heavy metal 
(69.96%), while carbon TW-Fe-2.5-C was able to remove 38.98%. 
The application of ferric chloride as an activating agent, e.g. carbon TW-Fe-2.5-C 
lead to materials with lower efficiency than the carbon material without chemical activation 
(TW-C). As mentioned in section 4.3.2, this fact can be explained by the low removal of 
iron ions present in the carbon, which are able to block its pores and cause a reduction in 
its removal efficiency.  
It should be noted that in order to better evaluate the efficiency of these activated 
carbons, it is necessary to take into consideration the textural properties (pore volume and 
surface area), as they have a direct influence on the adsorptive process. Moreover, it is 
important to carry out the kinetic tests under different conditions, varying the pH and the 
concentration of carbon in the solution, as these are factors that also influence the removal 
efficiency of the heavy metal. 
Regarding the adsorption isotherms, according to statistical analysis, the 
Freundlich model was the one that managed to describe the experimental data in a more 
assertive way. The models presented R² of 0.9574 (TW-Fe-2.5-C) and 0.9785 (TW-C). 
The pH of the solution proved to be one of the parameters that most influences 
the removal of heavy metals. As presented in topic 4.3.3, at more basic pH the adsorption 
process was favored due to the lower concentration of H3O+ and H+ ions. At pH 9, the 
activated carbon TW-C was able to remove 99% of the nickel in solution, while the TW-
Fe-2.5-C removed 95.1% of the metal. 
Finally, from an economic point of view, it is interesting to carry out analyzes of 
activated carbon regeneration, not only for the reuse of activated carbon making the 
treatment process less costly, but also to recover the adsorbate for its reuse.
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